Abstract. Non-small cell lung cancer (NSCLC) is the leading cause of cancer-associated mortality in the United States. Chemotherapy prolongs survival rates among patients with advanced disease, however, this is at the cost of clinically significant adverse effects. Matrine is an active component of traditional Chinese medicine and is a promising alternative drug for the treatment of NSCLC. In the present study, the therapeutic effects and the underlying molecular mechanisms of matrine on the A549 NSCLC cell line were investigated. A high concentration of matrine (1.0 mg/ml) significantly (P<0.05) inhibited cell proliferation, by 52.68±3.32%, under which cell shrinkage and disruption were observed. Flow cytometric analysis showed that the proportion of G1/G0 cells was significantly increased, whereas the proportions of S and G2/M cells were significantly decreased (P<0.05) following treatment with matrine for 48 h. These results indicated that cell arrest was induced by matrine. Upregulation of the expression of microRNA (miR)-126, followed by downregulation of the expression of its target gene, vascular endothelial growth factor, were detected following treatment with a low concentration of matrine (0.2 mg/ml) using reverse transcription-quantitative polymerase chain reaction analysis, immunohistochemistry and western blot analysis. In conclusion, matrine induced cell cycle arrest and apoptosis, and recovered the expression of miR-126 in the A549 NSCLC cell line.
Introduction
Lung cancer is one of the leading causes of cancer-associated mortality worldwide, with 1,000,000 new cases annually, in terms of incidence and mortality rates (1) . It accounted for 13% (1,600,000 cases) of the total cases of cancer and 18% (1,800,000 cases) of cancer-associated mortality in 2008 (2) . Tobacco use is considered to be the primary cause of lung cancer, accounting for 80-90% of cases (3, 4) , among which cigarette smoking totals ~95% of tobacco use (5) . Non-small-cell lung cancer (NSCLC) accounts for ~80% of all cases of lung cancer (6) . The management of patients with NSCLC is based on systemic chemotherapy. However, patient survival rates remains low. Additionally, although chemotherapy can prolong survival rates among patients with advanced disease, clinically significant adverse effects reduce its efficacy as excessive toxicity is often reported (7) .
Traditional chemotherapy remains an important therapeutic strategy for human cancer. However, the majority of chemotherapeutic drugs for the treatment of NSCLC are cytotoxic agents with a high risk of side effects, including adriamycin, cisplatin, 5-fluorouracil and doxorubicin (8, 9) . Furthermore, chemoresistance can develop in patients with NSCLC, which presents a major obstacle to the long-term efficacy of chemotherapeutic treatments (10, 11) . Therefore, alternative treatments require development to improve the efficiency of NSCLC therapy.
Traditional Chinese medicine (TCM) is valued for its 5,000-year-old history and retains an important position in primary healthcare in China. TCM can complement Western medicine using modern techniques, thus, TCMs have increased in interest in Western countries. Sophora flavescens Ait is a TCM widely used for several diseases, including viral hepatitis, cardiac arrhythmia, lung cancer and skin inflammation, in China (12) . The active components of Sophora flavescens are various alkaloids, among which matrine has been characterized as the major bioactive component (13) .
As an alkaloid, matrine has favorable medical effects. Its antiviral activity is promising in the treatment of chronic hepatitis B (14) . It has been reported that intramuscular injection of matrine improves the clinical symptoms of patients with chronic hepatitis B, recovers liver function and alters serum conversion from positive to negative hepatitis B virus DNA (15) . It has also been shown that matrine exerts antifibrotic activity, which inhibits the activities of platelet-derived growth factor and transforming growth factor-β in hepatic stellate cells (16) . Previous studies have shown that matrine is effective at inhibiting cell growth and inducing differentiation in human leukemia K562 cells (13, 17, 18) . Matrine is also a differentiation inducer in SMMC-7721 cells (19) . In human multiple myeloma cells and MKN45 gastric cancer cells, matrine can induce tumor cell apoptosis by interrupting cell-cell adhesion and inhibiting cancer metastasis (20, 21) , and matrine can also prevent tumor invasion (22) . Consequently, matrine may be a promising alternative anticancer drug for the treatment of NSCLC. In China, matrine has been used for the treatment of NSCLC in mice (23) , however, the antitumor therapeutic efficacy and the underlying molecular mechanisms of matrine, with respect to the physiological and pharmacological effects on human NSCLC, remain to be fully elucidated.
In the present study, the therapeutic effects and the underlying molecular mechanisms of matrine on the A549 human NSCLC cell line were investigated. This included investigation of its inhibitory effect on cell proliferation, alterations of cell morphology and induction of cell apoptosis, and the expression of microRNA (miR)-126 and its target gene, vascular endothelial growth factor (VEGF), as miR-126 is known to be downregulated in NSCLC cell lines, including A549 (24) . Matrine may serve as a promising TCM for NSCLC therapy.
Materials and methods
Cell line and matrine treatment. The A549 human NSCLC cell line was purchased from the Cancer Research Institute of China Medical University (Shenyang, China). The cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% (m/v) fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin and 100 µg/ml streptomycin on culture plates at 37˚C in a 5% CO 2 atmosphere with stable humidity. The density of cells was 1x10 5 cells/ml prior to culture. Matrine was obtained from Xian Botany Garden (Shanxi, China), and its purity was >99% as assessed by high performance liquid chromatography. The matrine stock solution was prepared in ddH 2 O at 10 mg/ml. Log-phase growing cells were seeded at a density of 1x10 5 cells/ml and exposed to matrine at concentrations, 0 (negative control), 0.2, 0.5, 0.8 and 1.0 mg/ml for 48 h at 37˚C.
MTT assay. The effects of matrine on cell viability were assessed busing an MTT assay, as described previously (25) . Specifically, the cells were plated at a density of 3,000 cells per well into 96-well plates. At the end of treatment, the supernatant was removed, following which 20 µl of the tetrazolium compound, MTT, and 270 ml fresh Iscove's modified Dulbecco's medium (NewTopBio Co., Shenzhen, China) were added. Following incubation for 4 h at 37˚C, 120 µl of DMSO was added to each well to dissolve the tetrazolium crystals. Finally, the absorbance at a wavelength of 570 nm was recorded using a multi-well plate reader (Tecan Schweiz AG, Maennedorf, Switzerland). Each experiment was performed four times. The results are expressed as the percentage growth inhibition with respect to the untreated cells.
Microscopic examination. The cells were digested by trypsin-EDTA, washed and resuspended in serum-free medium, counted and then fixed overnight in 75% ethanol at 4˚C. The cells were washed and resuspended in phosphate-buffered saline (PBS; pH 7.4). The digested cell culture (3x10 5 cells/ml) was added to a 24-well plate (0.9 ml in each well) and incubated for 12 h at 37˚C. Subsequently, 0.1 ml/well of matrine at a low (0.2 mg/ml) or high (1.0 mg/ml) concentration was added. The cells were incubated for 48 h at 37˚C prior to observation. The cells were examined using an Olympus IX70 inverted microscope (Olympus Corporation, Tokyo, Japan), a DVC1310 digital video camera (DVC Co., Austin, TX, USA) and a QED camera (Media Cybernetics, Inc., Rockville, MD, USA) with Standalone 145 software (Media Cybernetics, Inc.).
Flow cytometry (FCM)
. A549 cells in the log phase were collected at a final concentration of 2x10 5 cells/ml, and were incubated in a 6-well plate for 12 h at 37˚C (2.7 ml in each well). Subsequently, matrine at a low (0.2 mg/ml) or high (1.0 mg/ml) concentration (0.3 ml per well) was added to induce the cells for 48 h. Simultaneously, 0.3 ml of cell culture, as a negative control, was cultured for 48 h at 37˚C, collected, washed with PBS, and fixed with 70% ethanol, in sequence. The cells were centrifuged at 5,300 x g for 5 min at 4˚C to eliminate ethanol, washed with PBS and stained with propidium iodide in the dark for 30 min prior to analysis using FCM. Finally, a BD FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA) was used to detect cell cycle. The cells were sampled using CellQuest 3.0 sampling software (BD Biosciences). The proportion of cells in the different phases were quantified using ModFitLT 3.0 (26). Each experiment was performed four times.
Measurement of apoptosis.
The cells (1x10 6 ) were treated with 0, 0.2, 0.5, 0.8 and 1.0 mg/ml matrine for 48 h at 37˚C, and then collected by centrifugation at 5,300 x g for 5 min at 4˚C. The pellets were lysed in DNA lysis buffer, containing 10 mM Tris (pH 7.5), 400 mM EDTA and 1% Triton X-100, and then centrifuged at 5,300 x g for 5 min at 4˚C. The supernatant obtained was incubated overnight at 37˚C with proteinase K (0.1 mg/ml) and then with RNase (0.2 mg/ml) for 2 h at 37˚C. Following extraction with phenol chloroform (1:1), DNA was separated on 2% agarose gel and visualized under UV following staining with ethidium bromide. The quantitative assessment of apoptotic cells was assessed using the terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL) method, which was performed to examine DNA-strand breaks during apoptosis using a BD ApoAlert DNA Fragmentation Assay kit (BD Biosciences).
Immunohistochemical (IHC) staining. IHC staining was performed using the specific affinity-purified polyclonal anti-VEGF antibody. As a negative control, nonimmune serum was used instead of the primary antibody. Briefly, the cells were washed in PBS followed by preincubation with 1.5% normal goat serum in phosphate buffer within a moist chamber for 4 h at room temperature. These cells were then incubated overnight at 4˚C with rabbit polyclonal anti-VEGF antibody (1:100; Sigma-Aldrich; Merck Millipore, Darmstadt, Germany; cat. no. HPA027342) at a final concentration of 2 µg/ml. Following being washed six times with PBS containing 0.02% Triton X-100 for 15 min, the slides were processed for immunostaining using the avidin-biotinylated peroxidase complex method (Vector Laboratories, Inc., Burlingame, CA, USA), according to the manufacturer's protocol. The cells were briefly counterstained with Mayer's hematoxylin prior to mounting. The cultured cells were grown on sterile coverslips in tissue culture dishes overnight, fixed with 45% acetone/10% formaldehyde in 0.1 M phosphate buffer for 5 min, and then processed for the IHC assay as described previously (27) .
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR analysis.
The expression of mature miR-126 in the A549 cells was assayed using a Taqman MicroRNA assay (Applied Biosystems; Thermo Fisher Scientific, Inc.). Each sample was analyzed in triplicate. Total RNA was extracted using TRIzol (Thermo Fisher Scientific, Inc.) according to the manufacturer's protocols. The RT reaction was performed on a 10 ng sample of total RNA using looped primers. qPCR analysis was performed using the standard Taqman MicroRNA assay protocol on a 7500 Real-Time PCR System (Applied Biosystems; Thermo Fisher Scientific, Inc.). The 20 µl PCR sample comprised 1.33 µl of the RT product, 1X Taqman Universal PCR Master Mix without AmpErase UNG (cat. no. 4324018; Applied Biosystems; Thermo Fisher Scientific, Inc.), 0.2 µmol/l Taqman probe, 1.5 µmol/l forward primer and 0.7 µmol/l reverse primer. The reactions were performed in a 96-well plate at 95˚C for 10 min, followed by 40 cycles of 95˚C for 15 sec and 60˚C for 1 min. The primers used were as follows: Forward, 5'-TAC CTC CAC CAT GCC AAGTG-3', and reverse, 5'-ATG ATT CTG CCC TCC TCC TTC-3'. The ∆∆Cq method for relative quantitation of gene expression levels was used to determine the miRNA expression levels. The ∆∆Cq was calculated by subtracting the Cq value of U6 RNA from the Cq value of the miRNA of interest. The ∆∆Cq was calculated by subtracting the ∆Cq value of the reference sample (untreated A549 cells) from the ∆Cq value of each sample. The fold change was calculated using the 2 -∆∆Cq equation. A pool of three reference samples was used for standard curve calculation and as a reference sample for the ∆∆Cq. The Taqman MicroRNA Assay for U6 RNA was used to normalize the relative abundance of miRNA.
Western blot analysis. The cell lysates were prepared in RIPA buffer containing 50 mmol/l Tris-HCl buffer (pH 7.4), 150 mmol/l NaCl, 1% Triton X-100, 1% sodium deoxycholate and 0.1% sodium dodecyl sulfate, supplemented with 1X Halt protease inhibitor cocktail and 1X Halt phosphatase inhibitor cocktail (Pierce; Thermo Fisher Scientific, Inc.). A Bio-Rad protein assay (Bio-Rad Laboratories, Inc.) was used to determine protein concentrations. The proteins (~100 ng) were separated on 10-12% sodium dodecyl sulfate-polyacrylamide gels by electrophoresis and transferred onto PVDF membranes (Whatman, Boston, MA, USA). The membranes were first hybridized with mouse monoclonal anti-VEGF antibody (1:800; Sigma-Aldrich; Merck Millipore; cat. no. SAB1402390) overnight at 4˚C and then with horseradish peroxidase (HRP)-conjugated secondary antibodies (1:3,000; Cell Signaling Technology, Inc., Danvers, MA, USA; cat. no. 7072) at 25˚C for 1 h. The protein bands were visualized using a commercial Immobilon Western Chemiluminescent HRP Substrate detection reagent (EMD Millipore, Billerica, MA, USA). The chemiluminescence of proteins transferred onto PVDF membranes was detected with ECL Plus (GE Healthcare, Piscataway, NJ, USA). Relative protein expression values were quantitatively determined via densitometry with ImageJ software (version 2.1.4.7; imagej.nih.gov/).
Statistical analysis.
All data were analyzed with the SPSS 16.0 statistical software package (SPSS, Inc., Chicago, IL, USA). The results are expressed as the mean ± standard deviation. The statistical significance of the results were determined using the parametric unpaired Student's t-test. P<0.05 was considered to indicate a statistically significant difference.
Results

Matrine induces growth inhibition of A549 cells.
To examine the growth-modulatory effects of matrine on A549 cells, a wide concentration range of matrine (0.2, 0.5, 0.8 and 1.0 mg/ml) was used. Following treatment with matrine for 48 h, significant (P<0.05) inhibition of cell growth was observed at high concentrations of 0.8 and 1.0 mg/ml, compared with the control groups, with average rates of growth inhibition of 45.28±4.18 and 52.68±3.32%, respectively (Fig. 1A) . However, low concentrations of matrine (0.2 and 0.5 mg/ml) had no significant effect on cell growth, compared with the control groups. These results indicated that the growth inhibitory effect of matrine on A549 cells was concentration-dependent (Fig. 1A) . Cellular morphological changes. Following treatment with matrine for 48 h, the morphology of the cells was observed using a fluorescence-imaging micro-spectrophotometer. Compared with the control group (Fig. 1B) , treatment with matrine at a low concentration (0.2 mg/ml had no significant effect on cellular morphology (Fig. 1C) , whereas marked morphological changes, including cell shrinkage, disruption and destruction were observed in the cells treated with a high concentration of matrine (1.0 mg/ml), compared with the control group (Fig. 1D) . Therefore, a high concentration of matrine led to a decrease in cell colony size, which was also indicated by the decrease in cell diopter (Fig. 1C) .
Cell apoptosis is induced by matrine.
To examine the mechanism responsible for the matrine-mediated inhibition of cell proliferation, cell-cycle distribution was evaluated using FCM. Compared with the control groups, treatment with matrine led to a significant (P<0.05) increase in the ratio of cells in the G1/G0 phase, and significant (P<0.05) decreases in the ratios of cells in the S and G2/M phases, the majority of cells remained at the G1 phase following treatment with matrine at low and high concentrations (0.2 and 1.0 mg/ml; Table I ). The proportion of diploid cells increased marginally, whereas that of aneuploid cells decreased. Cell debris increased, compared with the control group.
The effect of matrine on the induction of apoptosis in A549 cells was also examined using a DNA fragmentation assay. Agarose gel electrophoresis at 48 h showed that matrine treatment resulted in the formation of DNA fragments in the A549 cells ( Fig. 2A) . Quantitative evaluation was also performed using a TUNEL assay to detect DNA-strand breaks. Compared with the control cells at 48 h, treatment with 1.0 mg/ml matrine induced apoptosis of ~30% of the A549 cells (Fig. 2B) . The results showed that treating the cells with matrine caused a significant inhibition of cell-cycle progression in the A549 cells (Fig. 2C) , resulting in an increase of the percentage of cells in the G1 phase, compared with the control.
miR-126 is upregulated in matrine-treated cells.
To examine the correlation between matrine treatment and the expression of miR-126, the relative expression of miR-126 was detected among the samples by RT-qPCR analysis. As shown in Fig. 3 , a markedly upregulated expression of miR-126 was observed in the matrine-treated A549 cells, compared with the control in the RT-qPCR assay. This upregulation was further enhanced by increasing the concentration of matrine, and reached its peak (~4.4-fold) , when the matrine concentration was increased to 1.0 mg/ml.
Downregulation of the miR-126 target, VEGF, is induced by matrine treatment.
IHC staining showed that almost all the cell nuclei and brown cytoplasmic particles were sepia-colored following treatment with matrine at a low concentration (0.2 mg/ml) for 48 h (Fig. 4A and B) . The mean optical density (OD) value of each group indicated the expression level of the VEGF gene. The mean OD of the control group was 0.5661±0.0298;, whereas that of the matrine-treated group was 0.4001±0.0766. The mean OD of the matrine-treated group was significantly (P<0.01) higher, compared with that of the (Fig. 4C) , suggesting that the low concentration of matrine was sufficient to inhibit the gene expression of VEGF. These results were also confirmed using western blot analysis (Fig. 4D) . The band of the control cells was brighter (~1.5-fold), compared with that of the matrine-treated cells (Fig. 4D) .
Discussion
Although traditional chemotherapy remains the primary method of cancer therapy, cancer cells often develop drug resistance, which significantly reduces the efficiency of chemotherapeutic treatment. Furthermore, due to the poor prognosis associated with certain types of lung cancer and limited treatment options besides surgery, patients may seek alternative treatments, including TCMs, alone or in combination with standard care (28) . In previous years, the potential of natural products from the medicinal plants used in TCM has been recognized by the scientific community in Western countries. Several natural products and derivatives thereof belong to the standard repertoire of cancer chemotherapeutic agents (29) . Novel TCM-derived anticancer drugs include arsenic trioxide, camptothecin, cantharidin, homoharringtonine, podophyllotoxin, vinblastine and vincristine (27) . There is evidence that these anticancer TCMs function as inducers of apoptosis to inhibit cell growth through genes involved in regulating cell proliferation, angiogenesis or apoptosis (30, 31) , and immune-enhancers to improve immunological function or resistance against tumors and viruses (32).
The results of the present study suggested that matrine was important in suppressing tumor cell growth in the A549 human NSCLC cell line. Matrine decreased the survival of A549 cells in a dose-dependent manner. The present study found that a low concentration (0.2 mg/ml) of matrine was sufficient to inhibit A549 cell growth; this cell growth arrest was concentration-dependent, with an elevated inhibitory effect observed when the concentration of matrine increased (Fig. 1A) . However, no significant changes in cell morphology were observed at a low concentration (0.2 mg/ml) until the concentration increased to 1.0 mg/ml (Fig. 2) . In addition to cell growth arrest, A549 cell apoptosis was induced following matrine treatment for 48 h, as indicated by changes in the cell cycle, compared with the untreated control, detected using FCM (Fig. 2) . Significant (P<0.05) decreases in the proportion of cells in the S and G2/M phases, followed by an increase in proportion of cells in the G1/G0 phase were observed following treatment with matrine at low and high concentrations (0.2 and 1.0 mg/ml), which was in agreement with the MTT assay (Table I and Fig. 1A) . These results were similar to the previously reported inhibitory effect of matrine on murine H22 cell proliferation (12) . In contrast to the concentration-dependent effect of matrine on the murine H22 cells, in which inhibition occurred following treatment with 0.5 mg/ml matrine for 48 h, treatment with a low concentration of matrine (0.2 mg/ml) for 48 h was sufficient to induce apoptosis of the A549 NSCLC cells in the present study. These results indicated that a low concentration of matrine inhibited A549 cell proliferation by retarding cell growth to prolong the cell cycle.
The proportion of cell apoptosis in the present study was low ( Table I ), indicating that the inhibitory effect of matrine on the A549 cells was predominantly caused by cell cycle retardation, comprising cell growth extension and decelerated proliferation, rather than cell apoptosis. The increase of cells in the G1/G0 phase, and decrease of cells in the S and G2/M phases suggested that the inhibitory effect of matrine on A549 proliferation was predominantly attributed to cell cycle arrest at the G1 phase. However, further investigations are required to confirm these results and to investigate the underlying mechanism.
miR-126 is often downregulated in NSCLC-derived cell lines (24) . Using RT-qPCR analysis, the expression of miR-126 was determined in the present study. Compared with the untreated A549 control cells, a dose-dependent upregulation of miR-126 was observed in the matrine-treated groups (Fig. 3) suggesting a correlation between matrine and miR-126 in the A549 cells. This was supported by the downregulation of VEGF, a target of miR-126 (24) observed using western blot analysis (Fig. 4D) . A low concentration of matrine (0.2 mg/ml) inhibited the expression of VEGF, which was ~1.5-fold lower, compared with that in the control group, and was inversely correlated with the expression of miR-126, by ~1.857-fold (Fig. 3) . These results indicated that the antitumor TCM matrine induced cell cycle arrest and apoptosis, and recovery of the expression of miR-126 in the A549 NSCLC cell line.
